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1
SYSTEM FOR ADJUSTING LOUDNESS OF
AUDIO SIGNALS IN REAL TIME

BACKGROUND

One complaint voiced by many television viewers is the
changes in volume viewers endure during commercial breaks
and when switching between different channels. Similar vol-
ume extremes may also occur with other devices, such as
portable audio players, A/V receivers, personal computers,
and vehicle audio systems. One solution for this problem is
automatic gain control (AGC). A typical automatic gain con-
trol (AGC) works by reacting to volume changes by cutting an
audio signal at high amplitude and then boosting it at low
amplitude—no matter where in the frequency range the loud-
ness spike occurs.

When the AGC kicks in, unwanted changes and unnatural
artifacts can often be heard in the form of pumping and
breathing fluctuations. Pumping fluctuations can be the result
of bass tones disappearing when the loudness suddenly
increases, like during a loud action sequence. Breathing fluc-
tuations can happen when low level hiss is boosted during
quiet passages. Unfortunately, this brute force method of
handling volume changes does not take into account how
humans actually perceive change in volume.

SUMMARY

In certain embodiments, a method for adjusting loudness of
an audio signal can include receiving an audio signal and
dividing the audio signal into a plurality of frames. The
method can include for a frame of the plurality of frames, by
one or more processors, measuring initial loudness values for
blocks of samples in the frame to produce a plurality of initial
loudness values. The method can also include computing a
weighted average of at least some of the initial loudness
values in the frame to produce an adjusted loudness value for
the frame. The weights in the weighted average can be
selected based at least partly on one or both of recency of the
initial loudness values and variation of the initial loudness
values. The method can further include adjusting loudness of
the audio signal based at least partly on the adjusted loudness
value.

Invarious embodiments, a system for adjusting loudness of
an audio signal can include a loudness analysis module com-
prising one or more processors. The loudness analysis mod-
ule can access a frame of an audio signal, the frame compris-
ing a plurality of samples of the audio signal and measure
loudness values for windows of the samples in the frame to
produce a plurality of loudness values. The loudness analysis
module can further compute a weighted average of at least
some of the loudness values to produce an adjusted loudness
value. The weights in the weighted average can be selected
based at least partly on one or more of the following: timing
of the loudness values and deviation of the loudness values.
The system for adjusting loudness can also include a dynam-
ics control module configured to adjust loudness of the audio
signal based at least partly on the adjusted loudness value.

In certain implementations, a method of adjusting loudness
of an audio signal can include sampling an audio signal to
produce blocks of samples, measuring initial loudness values
for the blocks of samples in the audio signal to produce a
plurality ofinitial loudness values, and computing gain values
to be applied to the audio signal based at least partly on the
initial loudness values. The method can also include comput-
ing a weighted average of the initial loudness values or of the
gain values. The weights in the weighted average can be
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selected based at least partly on one or both of recency and
variation of the initial loudness values or the gain values. The
method can further include adjusting loudness of the audio
signal based at least partly on the computed gain values and
the weighted average.

For purposes of summarizing the disclosure, certain
aspects, advantages and novel features of the inventions have
been described herein. It is to be understood that not neces-
sarily all such advantages may be achieved in accordance
with any particular embodiment of the inventions disclosed
herein. Thus, the inventions disclosed herein may be embod-
ied or carried out in a manner that achieves or optimizes one
advantage or group of advantages as taught herein without
necessarily achieving other advantages as may be taught or
suggested herein.

BRIEF DESCRIPTION OF THE DRAWINGS

Throughout the drawings, reference numbers may be re-
used to indicate correspondence between referenced ele-
ments. The drawings are provided to illustrate embodiments
of the inventions described herein and not to limit the scope
thereof.

FIG. 1 illustrates an embodiment of a broadcast system;

FIG. 2A illustrates an embodiment of a system for adjust-
ing the loudness of audio signals in real time;

FIG. 2B illustrates another embodiment of a system for
adjusting the loudness of audio signals in real time;

FIG. 3A illustrates an embodiment of a system for deter-
mining loudness of audio signals in real time;

FIG. 3B illustrates an embodiment of a frequency weight-
ing filter;

FIGS. 3C-3D illustrate example frequency responses of
filters of FI1G. 3B;

FIG. 4A illustrates an embodiment of a process for deter-
mining loudness of audio signals in real time;

FIG. 4B illustrates a chart showing example of overlapping
segments of audio signals;

FIG. 4C illustrates a chart showing example of weighting
audio signals;

FIG. 5 illustrates a chart showing an example weighting of
audio signals;

FIG. 6 illustrates a chart showing an example determina-
tion of loudness of audio signals in real time;

FIG. 7A illustrates an embodiment of a system for deter-
mining information content of audio signals in real time;

FIG. 7B illustrates an example frequency response of a
bank of auditory filters similar to the filters used by the human
ear.

DETAILED DESCRIPTION
Overview

Existing regulations, such as the Commercial Advertise-
ment Loudness Mitigation Act (CALM Act), require broad-
castand cable television stations to adopt industry technology
standards that ensure that commercials are not louder than
regular programming. Some volume control systems attempt
to take loudness of an audio signal into account in determin-
ing how to vary gain. Loudness can be an attribute of the
auditory system that can allow for classification of sounds on
a scale from quiet to loud. Loudness can be measured in
decibels or other units (such as the phon).

Audio and audiovisual programming, such as television
programming, Internet streaming, and the like can be pro-
vided or streamed by content providers to a broadcasting
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center (which can be referred to as a broadcast head end).
Some programming may be live, and such programming is
broadcast to viewers live. Other programming, although not
live programming, is streamed to the broadcasting center, and
can be processed there in real time. Typically, compressed
programming is provided, although programming may be
provided in any form, such as uncompressed or a mix of
compressed and uncompressed programming. The program-
ming can include commercials, and loudness of the commer-
cials may need to be adjusted in order to comply with the
regulations. It can be advantageous to perform the adjustment
in real time without having access to the entire program (e.g.,
entire episode of a TV show, entire news broadcast, entire
movie, etc.)

This disclosure describes certain systems and methods for
adjusting loudness of audio signals in real time. Techniques
used by these systems and methods can include performing
weighting of loudness measurements based on various crite-
ria to more accurately track transient loudness spikes. Addi-
tional techniques can include increasing the size of an adap-
tive analysis window of the audio signal when feasible to
reduce the impact of loudness on dynamic range. Further,
these techniques can include adaptively discarding selected
loudness measurements to reduce the impact of noise and
low-level signals that may represent silence on loudness
adjustments. Moreover, techniques for detecting information
content of an audio signal can be employed to enable loudness
adjustment of the information-bearing portions.

Advantageously, in certain embodiments, applying one or
more of these techniques can preserve or attempt to preserve
the transparency of loudness adjustments to the audio signal
while preserving the ability to react quickly to changes in the
loudness. Transparency can relate to a degree or measure of
perceptual difference between the original audio signal and
an audio signal with adjusted loudness. Higher transparency
can reflect the fact that the audio signal is substantially per-
ceptually indistinguishable from the original audio signal. In
some embodiments, applying one or more of the above-de-
scribed features can also reduce the impact of loudness
adjustments on the dynamic range of the audio signal.

In addition to having its ordinary meaning, the terms “real
time,” “real time processing,” and the like can refer to any
form of processing other than file-based processing. File-
based processing, in the loudness adjustment context, can
refer to loudness processing performed on an entire audio file
or audio program at once, for example, by calculating an
overall loudness of an entire program and adjusting the loud-
ness accordingly. As another example, file-based processing
can refer to loudness processing performed offline, such as in
the context of video on demand (VOD) processing, audio and
video on demand (AVOD) processing, etc. The terms “real
time,” “real time processing,” and the like can, but need not,
necessarily refer to processing performed without a percep-
tible delay from the point of view of a listener. Further, these
terms can be need not refer to programming that is broadcast
live. Rather, any programming can be broadcast and therefore
adjusted for loudness in real time, including programming
that has been stored as a file.

Example Loudness Adjustment System

Referring to FIG. 1, an embodiment of a broadcast system
100 is shown. As is shown, one or more content providers 110,
111, and 112 deliver television programming to a broadcast
head end 120. In some embodiments, the broadcast head end
120 can be a facility for receiving television signals for pro-
cessing and distribution over a television system. Processing
may include recoding encoded and/or compressed content
received from a content provider, aggregating or combining
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content for distribution downstream, inserting commercials,
and so on. Broadcast head end 120 can operate automatically
without user intervention or operate with user intervention.
Content processed by the broadcast head end 120 can be
distributed to one or more regional head ends 130, 131, and
132. A regional head end can perform further processing of
the content, including insertion of commercials targeted for a
specific region or locale. As is illustrated, the regional head
end distributes final programming to one or more customers
140-145. The broadcast head end 120 and/or regional head
ends 130-132 may include one or more processing devices,
such as receivers and/or servers.

In some embodiments, the broadcast head end 120 broad-
casts programming in real time, near-real time, or the like. For
example, the broadcast head end 120 may not have access to
the entire program before operating on the program, instead
broadcasting the program as it is received from a content
provider. As is explained above, storing or buffering the entire
program (e.g., as a digital file) before processing the program
can be considered a file-based operation. Processing per-
formed by the regional head ends may be file-based, real time,
or a combination of file-based and real time processing.

Referring to FIG. 2A, an embodiment of an audio process-
ing system 200A for adjusting the loudness of audio signals in
real time is shown. The audio processing system 200A may be
implemented in any machine that processes and/or repro-
duces audio, such as ahead end device (e.g., a receiver, server,
computer, and the like) or a user device (e.g., a computer, set
top box, television, portable audio player, headphone, A/V
receiver, vehicle audio system, and the like). Although in
some embodiments the audio processing system 200A is
implemented by a broadcast head end 120, the audio process-
ing system 200A can be implemented by a regional head end
130-132 or any other machine that processes and/or repro-
duces audio. Advantageously, in certain embodiments, the
audio processing system 200A adjusts a loudness of an audio
input signal 210 to attempt to maintain the loudness at a
certain level. For example, the audio processing system 200A
may attempt to maintain a certain loudness of television audio
when a commercial begins broadcasting. The audio process-
ing system 200A can perform these functions in real time.

As shown in FIG. 2A, the audio processing system 200A
receives an audio input signal 210. The audio input signal 210
can include one or more channels. For instance, two channels,
such as stereo channels, 5.1, 6.1, or 7.1 surround sound chan-
nels, or matrix encoded channels such as Circle Surround
encoded channels or the like may be provided. The audio
input signal 210 can be an electrical signal or the like that
represents a real, physical sound, such as music, voice,
effects, combinations of the same, and the like.

The loudness analysis module 220 can include hardware
and/or software for determining or estimating loudness of the
audio input signal 210 in real time. In certain embodiments,
the loudness analysis module 220 implements one or more
loudness estimating techniques described in the following
standards: Advanced Television Systems Committee, Inc.’s
ATSC A/85, International Telecommunications Union’s ITU
BS.1770-1, and International Telecommunications Union’s
ITU BS.1770-1-2. Each of the ATSC A/85, ITU-R BS.1770-
1,and ITU-R BS.1770-1-2 standards are hereby incorporated
by reference in their entirety. For example, [TU-R BS.1770-1
and BS.1770-2 standards disclose determining loudness by
integrating (or summing in the discrete time domain)
weighted power of the audio signal channels over the duration
of the audio signal, among other techniques that can be used
by the loudness analysis module 220.
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The dynamics control module 230 can include hardware
and/or software for comparing the estimated loudness pro-
vided by the loudness analysis module 220 with a reference or
target loudness level. The target loudness level can be a ref-
erence that is internal to the audio processing system 200A.
For example, the target level can be full scale loudness (e.g.,
0dB), so that adjusting the loudness to this level preserves the
dynamic range of the audio output signal 240. In another
embodiment, the target level can be any level chosen by an
operator or user at the head end. If the estimated loudness
differs from the target loudness level, the dynamics control
module 230 can determine the level difference between the
estimated loudness and the target loudness level. The dynam-
ics control module 230 can further use this difference to
adjust a gain applied to the audio input signal 210. The audio
processing system 200A outputs an audio output signal 240,
which has it loudness adjusted. The audio output signal 240
may be distributed to regional head ends 130-132 (in case the
audio processing system 200A is implemented by the broad-
cast head end 120), or the audio output signal 240 may be
distributed directly to customers (in case the audio processing
system 200A is implemented by a regional head end 130-
132).

The dynamics control module 230 can apply the loudness
level difference (e.g., reflected as the gain) to the audio signal
input 210 on a sample by sample basis via a mixer 235. For
example, the dynamics control module 230 can compute the
multiplicative inverse of the loudness level to determine the
gain and apply the gain to the audio signal input 210. In
certain embodiments, when more than one channel of audio
input is provided, the dynamics control module can utilize
more than one mixer 235 in order to apply the level difference
to more than one channel. In certain embodiments, the
dynamics control module 230 smoothes transitions between
samples or blocks of samples of the audio input signal 210 to
prevent jarring loudness transitions. In other embodiments,
such smoothing is performed by weighing the loudness val-
ues as is described below. As a result, the mixer 235 may
output or attempt to output an audio signal 240 that has a
constant average loudness level or substantially constant
average loudness level. In other embodiments, the loudness
level of the output audio signal 240 may not be constant, but
may still have less variability than the audio signal input 210.
Thus, in certain embodiments, the audio processing system
200A can transform the audio input signal 210 into an audio
output signal 240 that has a less variable loudness level than
the audio input signal.

In some embodiments, a pre-processing module (not
shown) may be included by the audio processing system
200A. The pre-processing module can be configured to
receive the audio input signal 210. The pre-processing mod-
ule may include hardware and/or software for gathering
energy information from a channel (or each channel) of the
audio input signal 210. The pre-processing module can be
further configured to examine noise characteristics of the
channel(s). Using the energy information and/or noise char-
acteristics in one embodiment, the pre-processing module
can determine at least one dominant channel to be analyzed
for loudness by a loudness analysis module 220. More gen-
erally, the pre-processing module may select a subset of the
channels of the audio input signal 210 for loudness analysis.
In certain embodiments, using fewer than all of the channels
to determine loudness can reduce computing resources used
to determine loudness.

FIG. 2B illustrates another embodiment of an audio pro-
cessing system 200B for adjusting the loudness of audio
signals in real time. The audio processing system 200B may
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be implemented in any machine that processes and/or repro-
duces audio, such as ahead end device (e.g., a receiver, server,
computer, and the like) or a user device (e.g., a computer, set
top box, television, portable audio player, headphone, A/V
receiver, vehicle audio system, and the like). Although in
some embodiments the audio processing system 200B is
implemented by a broadcast head end 120, the audio process-
ing system 200B can be implemented by a regional head end
130-132 or any other machine that processes and/or repro-
duces audio. Advantageously, in certain embodiments, the
audio processing system 200B adjusts a loudness of an audio
input signal 210 to maintain or attempt to maintain the loud-
ness at a certain level. For example, the audio processing
system 200B may attempt to maintain a certain loudness of
television audio when a commercial begins broadcasting. The
audio processing system 200B can perform these functions in
real time.

As is described above, the audio processing system 200A
receives an audio input signal 210. Further, as is described
above, a pre-processing module (not shown) may be included
may be included in some embodiments. The dynamics con-
trol module 230 can include hardware and/or software for
comparing a gated measured loudness 365 provided by the
loudness analysis module 220 with a reference loudness
level. The reference loudness level can be a reference that is
internal to the audio processing system 200B. For example,
the reference level can be set by a head end operator, such as
to =24 dB, -20 dB, 0 dB (or full scale loudness, so that
adjusting the loudness to this level preserves the dynamic
range of the audio output signal 240), or another suitable
value. If the estimated loudness differs from the reference
loudness level, the dynamics control module 230 can deter-
mine the level difference between the estimated loudness and
the reference level. The dynamics control module 230 can
further use this difference to adjust a gain to be applied to the
audio input signal 210.

The dynamics control module 230 can provide the deter-
mined gain or the level difference to a limiter module 238.
The limiter module 238 prevents or reduces clipping of the
audio input signal 210 by reducing the computed gain to be
applied to the signal 210 so that the peak amplitude of the
gain-adjusted signal may be below a clipping threshold. The
audio processing system 200B outputs the audio output signal
240, which has it loudness adjusted. The audio output signal
240 may be distributed to regional head ends 130-132 (in case
the audio processing system 200B is implemented by the
broadcast head end 120), or the audio output signal 240 may
be distributed directly to customers (in case the audio pro-
cessing system 200B is implemented by a regional head end
130-132). The limiter module 238 can apply the loudness
level difference (e.g., reflected as the gain) to the audio signal
input 210 on a sample by sample basis via the mixer 235. In
certain embodiments, e.g., when more than one channel of
audio input is provided, the limiter module 238 can utilize
more than one mixer 235 in order to apply the level difference
to more than one channel.

In certain embodiments, the dynamics control module 230
and/or the limiter module 238 smoothes transitions between
samples or blocks of samples of the audio input signal 210 to
prevent jarring loudness transitions. In other embodiments,
such smoothing is performed by weighing the loudness val-
ues as is described below. As a result, the mixer 235 may
output or attempt to output an audio signal 240 that has a
constant average loudness level or substantially constant
average loudness level. In other embodiments, the loudness
level of the output audio signal 240 may not be constant, but
may still have less variability than the loudness of the audio
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signal input 210. Thus, in certain embodiments, the audio
processing system 200B can transform the audio input signal
210 into an audio output signal 240 that has a less variable
loudness level than the audio input signal.

The framing module 215 can include hardware and/or soft-
ware for buffering a segment of the audio input signal 210 for
real time processing. In some embodiments, the audio input
signal 210 is a stream of a television program, an Internet
stream, etc. and the framing module 215 can buffer a segment
of'the television program. The segment may contain a plural-
ity of samples. In certain embodiments, the length of the
frame is 12 seconds or approximately 12 seconds, although
different frame lengths can be utilized, such as less than 12
seconds or more than 12 seconds, e.g., 20 seconds, 30 sec-
onds, 45 seconds, 60 seconds, etc. In some embodiments, the
length of the frame can be adjusted or varied as is described
below.

The loudness analysis module 220 can include hardware
and/or software for determining or estimating loudness of the
audio input signal 210 in real time. In certain embodiments,
the loudness analysis module 220 implements one or more
loudness estimating techniques described in the ITU-R
BS.1770-2 standard, incorporated above. With reference to
FIG. 3A, in some embodiments, the loudness analysis module
220 can include a system 300 for determining loudness of
audio signals in real time. As is illustrated, the loudness
determination system 300 can operate on multiple channels
305 of the framed audio input signal 210, such as left channel
(L), right channel (R), center channel (C), left surround (Ls),
and right surround (Rs). In other embodiments, the loudness
determination system 300 can operate on fewer or greater
number of channels and/or on channels different than those
illustrated in FIG. 3A.

The loudness determination system 300 applies filtering
310 of the audio input signal 305. As is illustrated, filtering
310 can be applied to each channel 305 of the framed audio
input signal 210. In certain embodiments, filtering 310 per-
forms two-stage frequency weighting of the audio input sig-
nal 305, as is illustrated in FIG. 3B. The first filtering stage
311 can account for the acoustic effects of a human head
modeled as a rigid sphere. The impulse response 311" of the
first stage filter 311 is shown in FIG. 3C. As is illustrated, in
one embodiment, first stage filter 311 is a shelving filter or an
equalizer configured to boost higher frequencies (e.g., pro-
vide treble boost). The coefficients of the first stage filter 311
are provided on page 4 of ITU-R BS.1770-1-2 standard
(March/2011 edition). With reference to FIG. 3B, the second
filtering stage 312 applies a revised low-frequency B-weight-
ing weighting curve (RLB weighting curve). The impulse
response 312' of the second stage RLB weighting filter 312 is
shown in FIG. 3D. As is illustrated, in one embodiment,
second stage filter 312 is a high pass filter. The coefficients of
the second stage filter 312 are provided on page 5 of ITU-R
BS.1770-1-2 standard (March/2011 edition).

With reference to FIG. 3A, filtered channel(s) 315 can be
provided to the power calculator module 320, which com-
putes the mean square value(s) 325 or average power of the
filtered input signal. In certain embodiments, the power cal-
culator module 320 computes the mean square value accord-
ing to the following equation or some variation thereof:

1N1
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where N is the duration or interval (e.g., number of samples
in one frame) of the audio input signal 210. The loudness
determination system 300 can calculate initial measured
loudness 345 over the length of the frame (which can be
measured by the interval N) according to the following equa-
tion or some variation thereof (including a logarithmic ver-
sion of at least a portion thereof):

N-1

2)
Loudness, L = —0.691 + E Gi-zi
0

where G, are weighting coefficient(s) 330 for the channels
325. Thus, initial measured loudness 345 can be calculated by
summing 340 the mean square value(s) 325 and (optionally)
scaling the sum by a constant (-0.691). In one embodiment,
weighting coefficients 330 can be selected as follows: G;=1.0
(0 dB), Gx=1.0 (0 dB), G.=1.0 (0 dB), G, =1.41 (~1.5 dB),
and Gz,=1.41 (~1.5 dB). Other suitable values of weighting
coefficients 330 may be used. In one embodiment, initial
measured loudness 345 can be expressed in units called
“LKFS,” which refer to loudness, K-weighted, relative to full
scale. Ifa logarithm is taken of the summation in equation (2),
the loudness can be expressed in decibels. For example, ifa 0
dB full-scale sine wave with frequency of 1 kHz is used as the
audio input 210, its loudness will equal -3.01 LKFS. How-
ever, the loudness need not be expressed in decibels in some
embodiments.

To calculate the gated measured loudness 365 in some
embodiments, the loudness determination system 300 can
divide or partition each frame of the audio input signal 210
into a set of overlapping windows or blocks. In one embodi-
ment, the windows can be of equal length (although this is not
required), and the overlap can be 75%. This is illustrated in
FIG. 4B, which shows a chart 420 of overlapping windows of
audio signals according to one embodiment. The windows
423, 424, 425, and 426 overlap by 75% of their length or
approximately 75% of their length. In another embodiment, a
different overlap may be used, such as 10%, 25%, 50%, or the
like. In an embodiment, the duration of windows 423, 424,
425, and 426 is 400 msec or approximately 400 msec to the
nearest sample. In another embodiment, different duration
can be selected, such as 100 msec, 150 msec, 200 msec, and
so on. The selection of window duration and/or the overlap
may depend on the sampling rate of the audio input signal
210. For example, 400 msec may be a suitable window length
for 48 kHz sampling rate of the audio input signal 210. In
certain embodiments, as is described below, filtering 310 and
power calculation 320 operations can be performed on the
overlapping windows. In other words, the loudness determi-
nation system 300 can determine initial measured loudness
values 345 for each of the overlapping windows. In certain
embodiments, frames of the audio input signal 210 can also
be overlapped as described above, such that sliding frames of
the audio input signal 210 are analyzed.

The power calculator module 320 can compute the mean
square values for each overlapping window according to the
following equation:

Ng-(j-step+1)
1 2
L= N Yi
Ng-j-step

®
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where z,; is the mean square value of the jth interval (or
frame) of the ith channel of the audio input signal 210, step
equals to (1-overlap), N, is duration (e.g., number of samples)
in a sub-frame, and j is selected from the set of values

N-N,

0,1,2,..., .
Ny -step

The initial measured loudness 345 of jth sub-frame can be
calculated according to the following equation or the like:

N-1

(C)]
Li=-0691+ " Gi-z
0

Adaptive Gating

The adaptive or dynamic gating module 360 of FIG. 3A
performs adaptive or dynamic gating of initial measured
loudness 345. In certain embodiments, adaptive gating 360
employs a two-stage process. FIG. 4A illustrates a process
400 for determining loudness in real time which can be per-
formed by the adaptive gating module 360. With reference to
FIG. 4A, a frame of the audio input signal 210 is partitioned
or divided into windows in block 402. In block 404, the
process 400 measures or calculates the instantaneous loud-
ness Ly, for each window in a frame. In one embodiment, this
calculation can be performed utilizing equation (2) and/or
equation (4). In an embodiment using 400 msec windows that
overlap by 75% are used, a new loudness value L,;; may be
computed every 100 msec. A first stage of adaptive gating 360
is performed in block 406, where loudness of each window is
compared to aloudness threshold. The loudness threshold can
be selected to reflect to discard loudness values that are likely
to be periods of silence and/or low-level noise. In one
embodiment, the loudness threshold can be selected as —=70
dB (or-70 LKFS) or approximately —70 dB. In other embodi-
ments, different values of the loudness threshold may be used,
such as —80 dB or smaller, —65 dB or smaller or larger, and so
on. This first stage of adaptive gating 360 can be referred to as
absolute thresholding because the loudness threshold may be
the same for most or all windows.

In block 406, the process 400 discards (e.g., excludes from
further processing) windows for which loudness falls below
the loudness threshold. This discarding can be performed
because such windows may contain audio information that
cannot be discerned by a listener, and such audio periods
should not be taken into account when computing loudness of
the audio input signal 210. In block 408, the process 400
determines mean loudness of the frame of the audio input
signal 210. In one embodiment, the process 400 utilizes the
following equation or the like for determining the mean loud-
ness:

Mol (©)]
L= M; L

where M is the number of overlapping windows in the
frame and L, is the measured loudness of a kth window.

In certain embodiments, a second stage of adaptive gating
360 involves performing an adaptive or dynamic relative gat-
ing operation (which can be signal dependent). Advanta-
geously, adaptive relative gating can account at least in part
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for transient events, which can reflect sudden, large changes
in the loudness of the audio input signal 210. For example, in
the audio signal, a loud portion (e.g., explosion) or vice versa
may be immediately followed by a relatively quiet portion
(e.g., whisper). As another example, a commercial may be
inserted into an audio stream, and the commercial may have
relative loudness that is larger than that of the content of the
audio stream. It is desirable for the audio processing system
200A and/or 200B to track such transient events (e.g., high
loudness to low loudness transitions) and take the differences
in loudness caused by such events into account when adjust-
ing loudness of the audio input signal. One reason is that
doing so can provide greater transparency and preserve the
dynamic range of the signal.

Another reason for using adaptive relating gating is that
during real time processing of the audio signal, the audio
processing system 200A and/or 200B may not have access to
the entire audio program (e.g., entire television program,
entire commercial, etc.). Instead, processing is performed on
segments of the audio stream, and such segments may include
audio content with different loudness values, such as partofa
television program and part of a commercial. If the entire
audio stream were available, determining loudness of such
combined or aggregated content using static loudness correc-
tion techniques (e.g., file-based adjustment) could be per-
formed separately for each different component. For
example, as is described in ITU BS.1770-2, gated loudness
L can be determined by using a threshold obtained from
subtracting a constant (e.g., 10 LKFS) from loudness mea-
surements that are above an absolute threshold (e.g., =70
LKFS). However, when such static correction techniques are
applied in real time, inaccurate loudness values may be deter-
mined. Basing loudness correction on such inaccurate values
could adversely affect the loudness correction of the audio
input signal 210.

Yet another reason for using adaptive relative gating can be
maintenance of suitable responsiveness of the audio process-
ing system 200A and/or 200B. While it may be generally
desirable to perform loudness adjustment so that periods of
silence do not substantially impact the adjustment, it can be
advantageous for the audio processing system to quickly react
to changes in the loudness (e.g., transitions from high loud-
ness to low loudness) and adjust the loudness accordingly. For
example, when beginning of a relatively quiet portion is
played immediately after a loud commercial, the audio pro-
cessing system 200A and/or 200B can advantageously rec-
ognize the abrupt change in loudness and quickly react by
adjusting (e.g., increasing) the loudness of the audio input
signal 210.

The process 400 performs adaptive gating 360 in blocks
410 and 412. In block 410 in one embodiment, the process can
dynamically determine a deviation of the mean loudness of a
current frame (e.g., computed in block 408) from the last
determined gated measured loudness 365. A large deviation
may indicate an onset of a transient event, which the process
400 may need to quickly react to. The deviation can be deter-
mined by using the following equations or the like:

S=I-C,-A

A=2(Ly—Lenr) 6
where L, is the loudness of windows in frames (as is
measured in block 404), T is the mean loudness value of the
current frame, C, is a constant (e.g., 10 dB or another suitable
value), and A is an accumulated difference between the
instantaneous loudness value (e.g., calculated in block 404)
and previously determined gated measured loudness L,z
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(e.g., determined for an immediately preceding frame). In
some embodiments, the accumulated difference A can be
bounded by lower bound and/or upper bound. For example,
the lower bound can be 0 (thereby setting the upper range of
adaptive gating to the constant C,) or another suitable value
smaller or greater than O (e.g, -10, -5, -1, 1,2, 5, 10, etc.) As
another example, the upper bound can be —40 dB or another
suitable value smaller or greater than —40 dB (e.g., =20 dB,
-25dB,-30dB, -35dB, -45 dB, -50dB, -55dB, etc.). Thus,
in one embodiment, the difference between the loudness out-
put and the adaptive relative gate can range from about -10
dB (e.g., per the BS 1770-2 specification) to about —-40 dB
(unlike the BS 1770-2 specification). Other ranges are also
possible. In certain embodiments, the deviation can be deter-
mined by using the following equations or the like:

S=I-C,-A

A=2(I-Lyr) @]

where T is the mean loudness value of the current frame, C,
is a constant (e.g., 10 dB or another suitable value), and A is
an accumulated difference between the mean loudness value
and previously determined gated measured loudness L,
(e.g., determined for an immediately preceding frame).
Deviation A of equation (7) can be bounded as is described
above. In one embodiment, deviation A of equations (6) and/
or (7) can represent the difterence between the instantaneous
loudness or mean loudness value respectively and previously
determined gated measured loudness 365, without accumu-
lating the difference. At initialization, the previously deter-
mined gated measured loudness 365 can be set to a suitable
initial value, such as the mean loudness (e.g., computed in
block 408).

In some embodiments, deviation A can be an accumulated
difference between the instantaneous loudness L, (e.g.,
determined in block 404) and mean loudness value of the
current frame (or preceding frame, such as immediately pre-
ceding frame) L. Deviation A can be bounded as is described
above. In one embodiment, deviation A can represent the
difference without accumulation.

In block 412, the process 400 discards from calculation
windows of a frame for which loudness (e.g., calculated in
block 404) is below the adaptive relative gating loudness of
the frame determined in block 410. Such windows may con-
tain audio information that cannot be discerned by a listener
(e.g., periods of silence and/or noise), and such audio periods
should not be taken into account when computing loudness of
the audio input signal 210.

In some embodiments, the second stage of adaptive gating
360 is not performed. Instead, loudness values that have not
been discarded in block 406 are utilized for computing the
weighted average in block 414. In certain embodiments, the
first and second stages of adaptive gating 360 are not per-
formed. Instead, loudness values measured for each window
in block 404 are utilized in computing the weighted average
in block 414.

Weighting [Loudness Values

In block 414, the process 400 determines gated measured
loudness 365 of the frame (or a window, part of a window,
etc.). In some embodiments, the process 400 computes a
weighted average of loudness values for windows that were
not excluded from calculation in blocks 406 or 412. In one
embodiment, the process 400 performs temporal weighting
(e.g., weighting based on recency of the samples within a
window and/or windows). Temporal weighting may be per-
formed in cases when windows of the audio signal are over-
lapped, as is described above and illustrated in FIG. 4B.
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Various types of weighting can be utilized. FIG. 4C shows a
chart 430 with two exemplary weighting schemes 432 and
434. As is illustrated, the weighting scheme 432 is non-linear
and assigns progressively greater weights (computed non-
linearly) to more recent samples and/or windows. The
weighting scheme 432 can, for example, utilize the following
equation or the like for computing the weights:

W =0k

®)

where a is a constant and k is a sample index (within a
window) and/or window index. The value of o can be selected
so that a suitable emphasis is placed on more recent samples
and/or windows. In one embodiment, o can be selected as a
value greater than 1 (which can emphasize more recent
samples and/or windows in relation to less recent samples
and/or windows). In another embodiment, o can be selected
as a number less than 1 (which can deemphasize more recent
samples and/or windows in relation to less recent samples
and/or windows).

As is illustrated, the weighting scheme 434 is linear, and
assigns progressively greater weights (computed linearly) to
more recent samples and/or windows. The weighting scheme
434 can, for example, utilize the following equation or the like
for computing the weights:

W =Cok+Cy (©)]

where C, and C; are constants and k is a sample (within a
window) and/or window index. In one embodiment, the slope
of'theline 434 canbe varied (e.g., by selecting a suitable value
of C,) in order to place a suitable emphasis on more recent
samples and/or windows. A combination of linear and non-
linear weights can be used in some embodiments.

In certain embodiments, the process 400 performs the
weighting based on deviation of a loudness value (e.g., com-
puted in block 404) from the mean loudness value of the
frame (e.g., computed in block 408). This may be advanta-
geous for quickly reacting to transient events. For example,
the process 400 can utilize the following equation or the like
for computing the weights:

Wag (10)

where { is a constant, [, is measured loudness of a kth
window (and/or sample within a window), and T is the (non-
weighted) mean loudness of the frame. In one embodiment, 3
canbe selected as a value greater than 1 (which can emphasize
more recent windows and/or samples in relation to less recent
windows and/or samples). In another embodiment, § can be
selected as a number less than 1 (which can deemphasize
more recent windows and/or samples in relation to less recent
windows and/or samples). When there is no deviation from
the mean loudness, the value of a weight computed according
to equation (10) is 1. However, the value of the computed
weight increases as there is greater deviation from the mean
loudness value. Such windows (or samples) may likely cor-
respond to transient events, and are thus emphasized by equa-
tion (10) in the calculation of the gated measured loudness
365.

In some embodiments, the values of a of equation (8)
and/or § of equation (10) can be adjusted based on the statis-
tics of the audio input signal 210. Statistics, for example, can
bereflected by the variation (e.g., as measured by the standard
deviation or a coefficient of variation) in loudness of the audio
input signal 210. Variation of loudness of the audio input
signal 210 can be measured using the determined loudness of
windows in the frame (e.g., measured in block 404). For
example, the following formula for the standard deviation or
the like can be utilized for estimating the variation:
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an

1 M-1 _
= /= Lyy — L
oL M/E'o (Lwx = L)

where M is the number of overlapping windows in a frame,
Ly is loudness of a window, and T is the mean loudness of
the frame (e.g., computed in block 408).

In some embodiments, if a portion of the signal is deter-
mined to have relatively constant or static loudness (e.g.,
variation of loudness of the frame is determined to be below
athreshold) the values of o and/or § can be decreased to lower
or dampen the sensitivity of the loudness adjustment and
thereby attain a slower reaction to the changes in the loudness.
On the other hand, if the portion of the signal is determined to
have relatively dynamic loudness (e.g., variation of loudness
of the frame is determined to be above the threshold), the
values of a and/or § can be increased to increase the sensi-
tivity of the loudness adjustment and thereby attain faster
reaction to changes in the loudness.

In some embodiments, the values of o and/or § can be
varied from a default value of about 5000 (to provide quick
reaction to dynamic changes) to about 217 (to provide a more
static adjustment). In other embodiments, other suitable
upper and lower bounds can be used. For example, if the
values of o and p were set to 1, then the weighted average of
the loudness values would be an arithmetic mean. The values
of' a. and  may also be lower than 1 in some embodiments. In
certain embodiments, different upper and/or lower bounds
can beused for the values o and [3. In some embodiments, the
values of o and f} can be varied in a different manner (e.g.,
with different rates of decrease and/or increase). In some
embodiments, the values of cc and/or [ are reset to the default
value(s) (e.g., S000) when variation of the loudness of the
frame is determined to be above the threshold. Advanta-
geously, such resetting may ensure or attempt to ensure that
transient events are accounted for by the audio processing
system.

Decreasing the values of o and/or f§ can result in the audio
processing system 200A and/or 200B performing analysis
that mimics using static loudness correction techniques or
that otherwise applies less aggressive loudness leveling. This
may be feasible for audio input signal 210 portions that have
substantially constant loudness, such as certain portions of
music. Decreasing the values of o and/or [ can preserve
transparency of the audio input signal 210 in such cases.

FIG. 5 illustrates a chart 500 showing an example weight-
ing of audio signals according to an embodiment. The x-axis
reflects time in seconds, and the y-axis reflects values of the
weights (e.g., W, ). Region 510 (which corresponds in part
to region 610 of FIG. 6) illustrates weights that may be
derived for a transient event, such as a sudden, rapid decrease
in loudness of the audio input signal 210. As is illustrated in
chart 500, values of the weights are accordingly increased to
account for the transient event.

With reference to FIG. 4, in some embodiments, the pro-
cess 400 utilizes both weighting schemes described above
and reflected in equations (9) and (10).

FIG. 6 illustrates a chart 600 showing determination of
loudness of audio signals in real time according to an embodi-
ment. The x-axis reflects time in seconds, and the y-axis
reflects loudness intensity in decibels. The chart 600 depicts
processing of numerous frames (e.g., having duration of 12
seconds) of the audio input signal 210. The curve 602 repre-
sents instantaneous loudness L, of windows in frames (as is
measured in block 404). The curve 604 represents gated mea-
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sured loudness of the frames (as is measured in block 414).
The curve 606 represents mean loudness T, of frames (as
measured in block 408). The curve 608 represents the adap-
tive relative gating function (as determined in block 410).

As is shown in FIG. 6, the curve 604 (which reflects gated
measured loudness of the frames) can closely track the actual
loudness of the audio input signal 210, which is reflected by
the curve 602. In contrast, the curve 606 (which may, in one
embodiment, reflect existing loudness correction tech-
niques), does not track the actual loudness of the audio input
signal 210 as closely in regions where the actual loudness
undergoes rapid changes. As is shown in region 610, for
example, the curve 606 deviates from the actual loudness by
a significantly large amount, while the curve 604 more
closely tracks the actual loudness in this example.

In some embodiments, the curve 604 closely tracks the
actual loudness of the audio input signal 210 because the
curve 608 (which reflects the adaptive relative gating function
determined in block 410) accounts for rapid changes in the
actual loudness. This is illustrated, for example, in region 610
which captures a transient event, such as a sudden, rapid
decrease in loudness of the audio input signal 210. The tran-
sient event is reflected by the curve 602 decreasing from
loudness above —10 dB at point 612 to loudness below -50dB
at point 614. This drop in loudness occurs over a short period
of time, and may indicate beginning of a quiet portion of a
television program. As is shown in the example scenario of
FIG. 6, loudness increases following the drop in point 614,
which may indicate the end of the transient event. Because the
adaptive relative gating function represented by the curve 608
is generally below the curve 602, the transient event is
accounted for by the process 400. However, existing loudness
determination techniques, which gate based on subtracting a
constant (e.g., —10 dB) from the curve 606, would likely miss
this transient event. In other words, such static loudness deter-
mination techniques (e.g., file-based adjustment) would
likely discard this transient event from the loudness calcula-
tion. Hence, the transparency of loudness-adjusted audio
input signal 210 would be adversely affected.

Adaptive Frame Length

In some embodiments, frame duration or length can be
varied by the audio processing system 200A and/or 200B
(e.g., instead of adjusting the values of a of equation (8) and
[ of equation (10)). For instance, duration of the frame can be
adjusted based on the variation (e.g., as measured by the
standard deviation or a coefficient of variation) in loudness of
the audio input signal 210. Variation of loudness of the audio
input signal 210 can be measured using determined loudness
of windows in the frame (e.g., measured in block 404). For
example, equation (11) can be utilized for estimating the
variation.

In some embodiments, if the variation of loudness of the
frame is determined to be below a threshold, the length ofthe
frame is increased. In other words, relatively small variations
of loudness may reflect that loudness of the portion of the
audio input signal 210 covered by the frame is relatively
static. A limit on the length of the frame can be set, such as 48
seconds or another suitable value.

Increasing the frame duration (or widening the frame) may
improve processing performance and save storage space. In
addition, increasing the frame duration results in the audio
processing system 200A and/or 200B performing analysis
that mimics using static loudness correction techniques. In
other words, loudness adjustment applies a substantially
static loudness correction when the frame is widened. This
may be possible for audio input signal 210 portions that have
substantially constant loudness, such as certain portions of
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music. Widening the frame can preserve transparency of the
audio input signal 210 in such cases.

In certain embodiments, when variation of loudness of the
frame is determined to be above the threshold, the length of
the frame is decreased. The rate of decrease of frame length
(e.g., decrease step size) may be different than the rate of
increase of frame length (e.g., increase step size). For
example, the decrease step size may be larger than the
increase step size, such as 50 times greater or another suitable
value. In some embodiments, the frame length is reset to the
initial frame length (e.g., 12 seconds) when variation of loud-
ness of the frame is determined to be above the loudness
threshold. Advantageously, such resetting may ensure or
attempt to ensure that transient events are accounted for by
the audio processing system.

Perceptual Information Content Estimation

With reference to FIG. 2B, the perceptual information con-
tent estimation module 225 can determine or estimate the
amount of perceptual information contained in a portion of
the audio input signal 210 (e.g., a frame, a window, partial
frame, partial window, a plurality of frames, a plurality of
windows, etc.). The perceptual information content estima-
tion module 225 can estimate an information content of the
portion of the audio input signal 210. Based on the estimated
information content, the perceptual information content esti-
mation module 225 can determine weighting associated with
adjusting the loudness of'the portion of the audio input signal
210, such W, used in equation (12) described below. In one
embodiment, the audio processing system 2008 and/or 200A
may not process the portion if its informational content is
determined to be below an information content threshold.
Advantageously, estimating informational content can
improve system performance in some embodiments.

For example, the portion of the audio input signal 210 (e.g.,
frame) may contain noise, such as random noise, background
noise, or the like, and the perceptual information content
estimation module 225 may determine that little or no infor-
mation content is contained in the portion of the audio input
signal 210. In such case, the audio processing system 200B
and/or 200A may perform little or no loudness adjustment
(e.g., set W, to zero for the window or entire frame) on the
portion as it is unlikely to be perceived by the listener. As
another example, the perceptual information content estima-
tion module 225 may determine that a portion of the audio
input signal 210 contains a substantial amount of information
(e.g., the portion may be music or speech). In such case, the
weighting may be set so that the portion is suitably empha-
sized for the purposes of loudness adjustment (e.g., set W, to
a large value for the window or entire frame). For instance,
weighting can be proportional to the difference between
determined information content and the information content
threshold. For example, audio signal portions with higher
information content can be assigned greater weights.

FIG. 7A illustrates an embodiment of perceptual informa-
tion content estimation module 225. A Fourier transform
module 710 transforms a portion of the audio input signal 210
to the frequency domain. For example, the Fourier transform
module 710 can perform a fast Fourier transform (FFT) of the
portion of the audio input signal 210. Any suitable duration of
the portion of the audio input signal 210 can be used, such as
100 msec, 150 msec, 200 msec, etc. Frequency transformed
audio input portion is subjected to band partitioning by the
module 720. In one embodiment, band partitioning module
720 performs critical band partitioning of transformed audio
input by utilizing a bank of filters that mimics the auditory
response of a human ear. For example, the band partitioning
module 720 can use overlapping, non-linearly spaced band-
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pass filter, such as logarithmically-spaced bandpass filters.
An example of such filter bank 800 is illustrated in FIG. 7B,
which illustrates a bank of overlapping, non-linearly spaced
band-pass filters 802. As is shown in FIG. 7B, the center
frequencies of band-pass filters are spaced non-linearly, and
this spacing increases as frequency increases. Other suitable
filter banks can be used, such as the gammatone approxima-
tion filters described in U.S. Patent Publication No. 2009/
0161883, titled “SYSTEM. FOR. ADIJUSTING PER-
CEIVED LOUDNESS OF AUDIO SIGNALS,” filed on Dec.
19, 2008, which is hereby incorporated by reference herein in
its entirety.

With reference to FIG. 7A, the band partitioning module
720 outputs critical bands information (e.g., magnitude) 721,
722,723, and 724 of the portion of the audio input signal 210.
Critical bands can be band-pass filtered components of fre-
quency-transformed portion of the audio input signal 210.
Critical bands 721 through 724 are depicted in increasing
order (e.g., critical band 724 has higher order or covers a
greater bandwidth than critical band 721), and information
contained in the critical bands can be ordered based on time
(e.g., second sample in critical band 721 may correspond to
audio signal sample that follows the first sample). A suitable
number of critical bands can be used by the band partitioning
module 720, such as between 20 and 25 bands, between 15
and 30 bands, or some other suitable number of bands. The
frequency range covered by the band partitioning module 720
can be, for example, between 20 Hz and 20 kHz or some
subset thereof covering at least a portion of the audible range
of the human auditory system.

Critical band information is input to a modulation spec-
trum correlation module 730, which performs correlation of
critical band information. In one embodiment, the modula-
tion spectrum correlation module 730 computes cross-corre-
lation for some or all critical bands (e.g., each critical band)
against some or all other critical bands. For example, when 25
critical bands are used, the modulation spectrum correlation
module 730 can compute 25x25 (or 625) cross-correlation
values. In another embodiment, the modulation spectrum cor-
relation module 730 can compute different number of cross-
correlation values, such as not compute the autocorrelation
for each critical band (e.g., compute 600 cross-correlation
values in case when 25 critical bands are used). The modula-
tion spectrum correlation module 730 can analyze cross-
correlation values for similarity. In one embodiment, a sub-
stantially large degree of similarity may indicate that the
portion of the auditory input signal 210 has at least some, and
potentially high, information content. For example, if a por-
tion of the auditory input signal 210 is determined to have
substantially large degree of similarity, the portion may have
information in some or all frequency bands covered by band
partitioning module 720. This may indicate that the portion of
the signal carries audible information (e.g., music, speech,
etc.). On the other hand, a substantially small or low degree of
similarity may indicate that the portion of the auditory input
signal 210 has low information content. For example, if a
portion of the auditory input signal 210 is determined to have
substantially small degree of similarity, it may indicate that
the portion is noise (e.g., random noise, such as white noise,
which tends to have a constant spectral density).

Based on correlation analysis, the modulation spectrum
correlation module 730 can determine the information con-
tent of the portion of the audio input signal 210. In one
embodiment, the modulation spectrum correlation module
730 can apply a non-linear function to determined correla-
tions in order to determine or compute an information coef-
ficient (e.g., weighting value). In another embodiment, a lin-
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ear function can be utilized. The information coefficient is
preferably a measure of information content (e.g., a value
between 0 and 1). In another embodiment, the information
coefficient may be a binary value that indicates presence or
absence of information content (e.g., 0 may indicate little or
no information content, and 1 may indicate presence of infor-
mation content).

In one embodiment, the information coefficient can corre-
spond to an information content weighting W .. With refer-
ence to FIG. 4A, the process 400 can utilize weighting W,
determined by a perceptual information content estimation
block 225, as is explained below. With reference to FIG. 3A,
gated measured loudness 365 of a frame can be determined by
process 400 in block 414 using the following equation or the
like (assuming that the weights are normalized to 1):

N-1 )
Ly - - pELwy,

(12

where, N is the number of windows or blocks in a frame, a is
a coefficient of temporal weighting (described above), f§ is a
coefficient based on the deviation of the loudness value (de-
scribed above), W, is weighting based on perceptual content,
L, represents loudness for ith window or block (e.g., L;; as
computed in block 404), and T, represents mean loudness of
the frame (e.g., as computed in block 408). In an embodiment
that utilizes 400 msec windows that overlap by 75%, a new
loudness value can be computed every 100 msec. In certain
embodiments, N can represent number of overlapping win-
dows in frame (e.g., 4 windows), number of window overlaps
(e.g., 4 for each window when 400 msec windows overlap by
75%), and so on. In some embodiments, index k (as is used in
some equations described above) can be used in place of
index i. In various embodiments, T, can correspond to mean
loudness of a window.

Additional Embodiments

Although described herein primarily with respect to tele-
vision broadcasting, the features of the systems and methods
described herein can be implemented in other broadcasting
and streaming scenarios. For instance, the systems and meth-
ods can beused to adjust the loudness of audio signals inradio
broadcasts, which often have programming interspersed with
commercials. In addition, the systems and methods described
herein can be used to adjust the loudness of audio signals
streamed or broadcast over a network, such as the Internet.

Although described herein primarily with respect to real-
time processing, the features of the systems and methods
described herein can used in file-based processing. For
instance, the systems and methods can be used to adjust the
loudness of an entire audio file or audio program at once. As
another example, the systems and methods can be used to
adjust the loudness during VOD processing, AVOD process-
ing, or the like.

Although described herein primarily with respect to per-
forming the loudness adjustment directly using loudness val-
ues, systems and methods described herein can be used to
perform loudness adjustment in different domains. For
instance, instead of directly weighting the computed initial
loudness values, gain values can be determined (e.g., based
on the loudness values, such as computing the multiplicative
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inverse of the loudness values) and weighted in a weighted
average using any of the weighting techniques described
above.

CONCLUSION

Depending on the embodiment, certain acts, events, or
functions of any of the algorithms described herein can be
performed in a different sequence, may be added, merged, or
left out all together (e.g., not all described acts or events are
necessary for the practice of the algorithm). Moreover, in
certain embodiments, acts or events may be performed con-
currently, e.g., through multi-threaded processing, interrupt
processing, or multiple processors or processor cores, rather
than sequentially.

The various illustrative logical blocks, modules, and algo-
rithm steps described in connection with the embodiments
disclosed herein may be implemented as electronic hardware,
computer software, or combinations of both. To clearly illus-
trate this interchangeability of hardware and software, vari-
ous illustrative components, blocks, modules, and steps have
been described above generally in terms of their functionality.
Whether such functionality is implemented as hardware or
software depends upon the particular application and design
constraints imposed on the overall system. The described
functionality may be implemented in varying ways for each
particular application, but such implementation decisions
should not be interpreted as causing a departure from the
scope of the disclosure.

The wvarious illustrative logical blocks and modules
described in connection with the embodiments disclosed
herein may be implemented or performed by a machine, such
as a general purpose processor, a digital signal processor
(DSP), an application specific integrated circuit (ASIC), a
field programmable gate array (FPGA) or other program-
mable logic device, discrete gate or transistor logic, discrete
hardware components, or any combination thereof designed
to perform the functions described herein. A general purpose
processor may be a microprocessor, but in the alternative, the
processor may be a processor, controller, microcontroller, or
state machine, combinations of the same, or the like. A pro-
cessor may also be implemented as a combination of com-
puting devices, e.g., a combination of a DSP and a micropro-
cessor, a plurality of microprocessors, one or more
microprocessors in conjunction with a DSP core, or any other
such configuration.

The steps of a method or algorithm described in connection
with the embodiments disclosed herein may be embodied
directly in hardware, in a software module executed by a
processor, or in a combination of the two. A software module
may reside in RAM memory, flash memory, ROM memory,
EPROM memory, EEPROM memory, registers, hard disk, a
removable disk, a CD-ROM, or any other form of storage
medium known in the art. An exemplary storage medium can
be coupled to the processor such that the processor can read
information from, and write information to, the storage
medium. In the alternative, the storage medium may be inte-
gral to the processor. The processor and the storage medium
may reside in an ASIC. The ASIC may reside in a user
terminal. In the alternative, the processor and the storage
medium may reside as discrete components in a user terminal.

Conditional language used herein, such as, among others,
“can,” “could,” “might,” “may,” “e.g.,” and the like, unless
specifically stated otherwise, or otherwise understood within
the context as used, is generally intended to convey that
certain embodiments include, while other embodiments do
not include, certain features, elements and/or states. Thus,
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such conditional language is not generally intended to imply
that features, elements and/or states are in any way required
for one or more embodiments or that one or more embodi-
ments necessarily include logic for deciding, with or without
author input or prompting, whether these features, elements
and/or states are included or are to be performed in any
particular embodiment.

While the above detailed description has shown, described,
and pointed out novel features as applied to various embodi-
ments, it will be understood that various omissions, substitu-
tions, and changes in the form and details of the devices or
algorithms illustrated may be made without departing from
the spirit of the disclosure. As will be recognized, certain
embodiments of the inventions described herein may be
embodied within a form that does not provide all of the
features and benefits set forth herein, as some features may be
used or practiced separately from others. The scope of certain
inventions disclosed herein is indicated by the appended
claims rather than by the foregoing description. All changes
which come within the meaning and range of equivalency of
the claims are to be embraced within their scope.

What is claimed is:

1. A method of adjusting loudness of an audio signal, the
method comprising:

receiving an audio signal;

dividing the audio signal into a plurality of frames;

for a frame of the plurality of frames, by one or more

processors:

measuring initial loudness values for blocks of samples
inthe frame to determine a plurality ofinitial loudness
values,

determining a plurality of weights for applying to atleast
some of the initial loudness values, the weights deter-
mined based at least partly on a recency of initial
loudness values, such that when the weights are
applied to at least some of the initial loudness values,
a first set of weights is applied to initial loudness
values for a first block of samples that is separated
from a current block of samples by no more than a
time duration in order to emphasize loudness contri-
butions due to samples in the first block and a second
set of weights different from the first set of weights is
applied to initial loudness values for a second block of
samples that are separated from the current block of
samples by more than the time duration in order to
deemphasize loudness contributions due to the
samples in the second block,

applying the plurality of weights to the at least some of
the initial loudness values, and

computing a weighted average of the at least some of the
plurality of initial loudness values in the first frame to
produce an adjusted loudness value for the first frame;

adjusting loudness of the audio signal based at least partly

on the adjusted loudness value; and

providing the adjusted audio signal for playback.

2. The method of claim 1, wherein the plurality of weights
enable said adjusting the loudness to track changes in the
loudness of the audio signal more accurately than by adjust-
ing the loudness based on an arithmetic mean of the initial
loudness values.

3. The method of claim 1, wherein the weights are selected
based at least partly on both of the recency of the initial
loudness values and a variation of the initial loudness values.

4. The method of claim 1, wherein said determining the
weights further comprises determining the weights based on
a variation of the initial loudness from a mean of the initial
loudness values.
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5. The method of claim 1, wherein at least some of the
weights are nonlinear.
6. The method of claim 5, wherein at least some of the
weights are determined based on an exponential function.
7. The method of claim 6, further comprising damping the
weights by reducing a coefficient of the exponential function
based at least partly on a measure of a variation of the initial
loudness values, wherein said damping the weights reduces
an impact on dynamic range of the audio signal by said
adjusting the loudness of the audio signal.
8. The method of claim 7, wherein the measure of the
variation is a standard deviation of the initial loudness values.
9. The method of claim 1, further comprising determining
alength of the first frame based at least in part on the variation
of'loudness of the plurality of initial loudness values.
10. The method of claim 1, wherein the weights are deter-
mined based at least in part on a modulation spectrum analy-
sis of the audio signal.
11. The method of claim 10, wherein the modulation spec-
trum analysis comprises computing a coefficient of variation
among time-frequency representations of the audio signal.
12. The method of claim 11, wherein the computed coet-
ficient of variation reflects a degree to which the audio signal
comprises either information, noise, or both information and
noise.
13. The method of claim 11, wherein larger weights are
assigned in response to the coefficient being a first value and
wherein lower weights are assigned in response to the coef-
ficient being a second value lower than the first value.
14. A system for adjusting loudness of an audio signal, the
system comprising:
a loudness analysis module comprising one or more pro-
cessors, the loudness analysis module configured to:
access a frame of an audio signal, the frame comprising
a plurality of samples of the audio signal,

measure loudness values for windows of the samples in
the frame to determine a plurality of loudness values,

determine a plurality of weights for applying to at least
some of the of loudness values, the weights deter-
mined based at least partly on a recency of the loud-
ness values, such that when the weights are applied to
at least some of the loudness values, a first set of
weights is applied to loudness values for a first win-
dow of samples that is separated from a current win-
dow of samples by no more than a time duration in
order to emphasize loudness contributions due to the
samples in the first window and a second set of
weights different from the first set of weights is
applied to loudness values for a second window of
samples that is separated from the current window of
samples by more than a time duration in order to
deemphasize loudness contributions due to the
samples in second window,

apply the plurality of weights to the at least some of the
loudness values, and

compute a weighted average of the at least some of the
plurality of loudness values in the frame to produce an
adjusted loudness value for the first frame;

a dynamics control module configured to adjust loudness
of the audio signal based at least partly on the adjusted
loudness value; and

an output module configured to provide the adjusted audio
signal for playback.

15. The system of claim 14, wherein the dynamics control

module is configured to compute one or more gains to apply
to the audio signal based on the adjusted loudness value.
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16. The system of claim of claim 15, further comprising a
limiter configured to at least partially limit the one or more
gains based on available headroom in the audio signal,
thereby reducing clipping.

17. The system of claim 14, wherein at least some of the
weights are linear.

18. The system of claim 17, wherein the loudness analysis
module is further configured to dampen the weights by reduc-
ing a slope of a linear function used to determine the weights,
said reducing being based at least partly on a measure of the
deviation of the loudness values.

19. The system of claim 18, wherein the measure of the
deviation is a standard deviation of the loudness values.

20. The system of claim 14, wherein the loudness analysis
module is further configured to dampen the weights by
adjusting a coefficient of an exponential function used to
determine the weights, said adjusting comprising reducing
the coefficient based on a variation of loudness of the plurality
of loudness values.

21. A method of adjusting loudness of an audio signal, the
method comprising:

sampling an audio signal to produce blocks of samples;

measuring initial loudness values for the blocks of samples

in the audio signal to produce a plurality of initial loud-
ness values;
computing gain values to be applied to the audio signal
based at least partly on the initial loudness values;

determining a plurality of weights for applying to at least
some of the plurality of initial loudness values or to at
least some of the gain values;

applying the plurality of weights to the at least some of the

initial loudness values or to the at least some of the gain
values, such that first set of weights is applied to empha-
size loudness contributions due to samples in one or
more blocks that are separated from a current block by
no more than a time duration and a second set of weights
different from the first set of weights is applied to deem-
phasize loudness contributions due to samples in one or
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more second blocks that are separated from the current
block by more than the time duration;

computing a weighted average of the at least some of the

initial loudness values or of the at least some of the gain

values;

adjusting loudness of the audio signal based at least
partly on the computed gain values and the weighted
average; and

providing the adjusted audio signal for playback.

22. The method of claim 21, further comprising computing
the weighted average of the gain values.

23. The method of claim 21, wherein said computing the
gain values comprises obtaining a multiplicative inverse of
the initial loudness values.

24. The method of claim 21, wherein said adjusting the
loudness comprises first computing the weighted average of
the gain values and subsequently applying the weighted aver-
age of the gain values to the audio signal.

25. The method of claim 21, further comprising selectively
discarding at least some of the initial loudness values that
reach an adaptive loudness threshold, wherein a difference
between the adaptive loudness threshold and the initial loud-
ness values changes over time based on the initial loudness
values.

26. The method of claim 25, wherein said selectively dis-
carding at least some of the initial loudness values comprises
discarding those of the initial loudness values that are below
the adaptive loudness threshold.

27. The method of claim 25, further comprising computing
the adaptive loudness threshold based at least in part on a
previous loudness value of a block that immediately precedes
the current block.

28. The method of claim 27, wherein said computing the
adaptive loudness threshold comprises computing a differ-
ence between the previous loudness value and a mean loud-
ness value.
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